Numb functions in progenitor cell fate determination and early development, but it is also expressed in postdevelopmental tissues and cancers where its role is unclear. In this study, we report that a targeted knockdown of Numb expression causes a G 2 -M arrest and reduced cell growth in human melanoma cells. Coimmunoprecipitation and colocalization studies showed that Numb interacts with the serine/threonine polo-like kinase Plk1 and Numb cycles in a cell-cycle-dependent fashion along with this mitotic regulator. Interestingly, Numb expression was required for Plk1 protein stability and localization to the spindle poles during mitosis. Reduction in Numb expression resulted in mislocalization of Plk1 at both metaphase and anaphase, leading to disorganized g-tubulin recruitment in centrosomes. Together, our findings present a novel function for Numb during symmetric cell division. We suggest that dysregulation of Numb expression results in mislocalized Plk1 and poor centrosomal g-tubulin recruitment, potentially contributing to mitotic errors, aneuploidy, and cancer development. Cancer Res; 72(15); 3864-72. Ó2012 AACR.
Introduction
Proper regulation of the cell cycle, particularly DNA replication, segregation, and their respective checkpoints, are crucial for correct cell ploidy and genomic integrity. An important step that ensures a proper cell division leading to 2 identical daughter cells is bipolar spindle formation. A monopolar cell is unable to divide and a multipolar cell divides, resulting in sister cells obtaining an incorrect complement of DNA, if division occurs at all. An improper cell division with immature spindle poles or with incomplete connection of the microtubules to the kinetochores can lead to the formation of aneuploid daughter cells with a possibility of cancer development (1) .
The serine/threonine kinase polo-like kinase 1 (Plk1) has been shown to regulate proper spindle pole formation and maturation. Plk1 has been implicated in regulating the localization of a variety of essential centrosomal-associated proteins (2) . Furthermore, Plk1 also regulates the localization of Aurora A to the centrosomes for proper maturation (3) (4) (5) . Severe Plk1 inhibition results in a monopolar phenotype, whereas a weaker inhibition can result in phenotypes ranging from multipolar cells, misaligned microtubules, and improper DNA condensation (6) (7) (8) (9) (10) (11) . Therefore, understanding the requirement and regulators of Plk1 during centrosome development will further our understanding of proper cell division and may lead to novel means for the management of cancer.
The role of Numb during asymmetric self-renewal and progenitor cell fate determination and development is well studied; principally, Numb localizes asymmetrically thereby directing the 2 sister cells along their separate developmental paths based on their respective inheritance or absence of Numb (12) (13) (14) (15) . This is achieved through Numb's inhibition of Notch in the sister cell containing Numb versus continued Notch activity in the Numb lacking sister cell. However, expression of Numb is also detectable in adult tissues and possible roles for Numb in these tissues are only beginning to be explored. Recent studies have shown that Numb is capable of stabilizing p53 protein (15) (16) (17) , is involved in endocytosis of different molecules (18) (19) (20) (21) (22) , and regulates cell migration (23, 24) . However, increasing evidence suggests a potential tumor suppressor function for Numb in differentiated cells, including its stabilization of p53 (15) (16) (17) , Numb's antagonistic role for dysplastic-promoting protein, Notch (18) (19) (20) , and the loss of Numb in a variety of tumor types (25) (26) (27) .
Here, for the first time, using human melanoma cells, we found that Numb is required for Plk1 regulation during mitosis. Surprisingly, in the absence of Numb, Plk1 protein half-life is reduced and its localization during metaphase is altered, thereby resulting in disorganized centrosomal g-tubulin recruitment and aster formation. Our data suggest that Numb is required for Plk1 stability and localization to ensure proper g-tubulin recruitment to the centrosomes, where Plk1 is of vital importance. Our study unravels a hitherto unknown function for Numb during symmetric cell division outside progenitor cell fate determination, and a potential contributing mechanism in tumors with reduced Numb expression.
Materials and Methods

Cell culture
Human melanoma cell lines, A375 and HS294T; human embryonic kidney cell line, HEK 293T (American Type Culture Collection, ATCC; Manassas, VA); and normal human fibroblasts, TiG (a kind gift from H. Tahara) were maintained in Eagle's Minimum Essential Medium (ATCC) or Dulbecco's Modified Eagle's Medium (Invitrogen) with 10% FBS and 1% penicillin/streptomycin at standard cell culture conditions (37 C, 5% CO 2 in humidified incubator). The melanoma cells obtained were authenticated by ATCC.
Lentiviral production and transduction
For viral creation, HEK 293T cells were transfected using the CaPO 4 2 O to a final volume of 450 mL and mixed with 50 mL of 2.5M CaCl 2 . The DNA mix was bubbled and 500 mL 2Â HBS (pH 7.05) added drop wise. The transfection mixture was added to its respective plates and incubated overnight. After 24 hours, transfection media was removed and fresh media added. Cell media containing shRNA lentivirus was collected 48 and 72 hours after initial transfection and filtered for use.
For target cell transduction, viral media was added to cells with 8 mg/mL polybrene 4 times over 2 days. After 72 hours of transduction, viral media was removed and cells were collected for further experiments.
Bright field imaging
Following lentiviral treatments, A375 cells were imaged for cell morphology under bright field conditions using a Nikon Eclipse Ti inverted microscope (Nikon Instruments, Inc.) with an S Plan Fluor ELWD 20Â Ph1 ADM lens at 1.5Â zoom. Images were captured with a Nikon Digital Sight DS-Fi1 camera using NIS Elements AR 3.1 software. Images were converted to grayscale using Photoshop.
Cell-cycle analysis
Following treatments, cells were trypsinized, washed with PBS, and fixed in ice cold 100% ethanol. Cells were then washed with PBS and stained with propidium iodide (Invitrogen) and analyzed on a FACScan bench top cytometer at the University of Wisconsin Paul P. Carbone Comprehensive Cancer Center flow cytometry facility. Cell-cycle distribution was analyzed using CellQuest software (BD Biosciences).
Trypan blue exclusion assay
Seventy-two hours after lentiviral shRNA transduction, cells were trypsinized and collected in a 1.5 mL tube, pelleted by centrifugation, and resuspended in PBS. A 10 mL aliquot of cell suspension was removed and an equivalent 10 mL of Trypan blue was added to the cells and they were counted for determining total cell growth.
Immunoblot analysis
Following treatments, cells were trypsinized, washed with icecold PBS, and lysed with RIPA buffer with PMSF and protease inhibitor cocktail (Pierce). Protein concentration was measured with BCA Protein Assay (Pierce). For immunoblot analysis, 30 mg of protein was subjected to SDS-PAGE using 10% Tris-HCl gels and transferred onto nitrocellulose membrane. Blots were blocked with 5% nonfat dry milk followed by probing with the desired primary antibodies (Plk1, Upstate; Numb and cyclin B1, Cell Signaling), and then appropriate horseradish peroxidaseconjugated secondary antibodies followed by enhanced chemiluminescent detection. Blots were subsequently stripped and reprobed with goat anti-b-actin (Santa Cruz) primary antibody followed by appropriate secondary and chemiluminescent detection as a loading control. The quantification of protein was conducted by a digital analyses of protein bands (TIFF images) using UN-SCAN-IT software (Silk Scientific, Inc.).
Protein half-life and proteasome inhibition
The cells were treated with shNS or shNumb as above and then exposed to 75 mg/mL cycloheximide (Sigma-Aldrich) to inhibit new protein translation. Lysates were collected at time points 0, 2, 4, and 6 hours and changes to Plk1 and Numb protein levels were evaluated using immunoblot analysis. For proteasome inhibition, cells were treated with shNS or shNumb then exposed to 10 mmol/L MG132 (Sigma-Aldrich) for 8 hours. Lysates were collected as previously described and analyzed by immunoblot analysis.
Luciferase activity
A375 cells were cotransfected with shNS-or shNumb-targeting DNA in the presence of 1 of 3 luciferase reporter plasmids and b-galactosidase for normalization using Lipofectamine 2000 (Invitrogen) after vendor's protocol. The luciferase reporter plasmids consisted of Hes-Luciferase measuring Notch activity, p21-Luciferase for p53 activity, and Gli-Luciferase to measure Hedgehog signaling. Luciferase activity was normalized to b-galactosidase activity.
Coimmunoprecipitation
The cells were trypsinized, washed with ice-cold PBS, lysed with a nondenaturing 1.0% NP-40 lysis buffer plus PMSF and protease inhibitor cocktail (Pierce) and cleared by centrifugation. To immunoprecipitate endogenous proteins, lysate (500 mg) was mixed with 5 mg Plk1 (Upstate), Numb (Cell Signaling Technology), or respective IgG (Cell Signaling Technology) antibodies overnight at 4 C. The next day, UltraLink
Immobilized Protein A beads (Pierce) were added to the antigen-antibody complex and incubated for 2 hours at room temperature with rotation. Beads were recovered by low-speed centrifugation and washed with immunoprecipitation buffer [20 mmol/L sodium phosphate (pH 7.5), 500 mmol/L NaCl, 0.1% SDS, 1% NP-40, 0.02% sodium azide]. Loading dye was added to each sample and incubated at 95 C for 5 minutes, centrifuged, and subjected to SDS-PAGE. After appropriate separation, gels were transferred and analyzed for co-immunoprecipitation using standard immunoblotting techniques as detailed earlier.
In vitro transcription and translation
Wild-type human Numb (Open Biosystems) was PCR amplified, adding an N-terminal Flag-tag and then cloning the construct into pCDNA3.1 (Invitrogen). Using the TNT-T7 coupled rabbit reticulocyte system (Promega), Flag-Numb or empty pCDNA was transcribed in the presence of L-[ 35 S]-methionine EasyTag (Perkin-Elmer) according to manufacturer's protocol. After in vitro translation, 5% was removed to confirm translation and the remainder was mixed with 0.5 mg recombinant His-Plk1 (Invitrogen) for 30 minutes. The mixture was diluted with 100 mmol/L Tris and mixed with Magne-His Ni-particles (Promega), washed, and eluted as per the manufacturer's protocol. Eluted samples were run on SDS-PAGE, dried, and analyzed by autoradiography.
Double thymidine arrest and release
For double thymidine arrest and release, asynchronous cells were arrested for 16 hours with 2 mmol/L thymidine in DMEM. Cells were thoroughly washed with PBS and released into DMEM without thymidine for 6 hours. Final synchronization was achieved with 2 mmol/L thymidine for an additional 16 hours. For final release, cells were thoroughly washed and released into DMEM without thymidine. Cells were collected for immunoblot and cell-cycle analysis as detailed earlier every 2 hours after release.
Immunofluorescence studies
For immunofluorescence staining, cells were plated and grown on BD Falcon Culture Slides (BD Biosciences) and treated with shNS, shPlk1, or shNumb as previously described. The cells were fixed with 100% methanol and permeabilized with 1% Triton-X 100 in PBS and then blocked for 1 hour at room temperature in 2% bovine serum albumin in PBS plus 0.1% Triton-X 100 (blocking buffer). Following blocking, primary Plk1 (Santa Cruz), Numb (Cell Signaling Technology), aor g-tubulin (Santa Cruz) antibodies (1:500 in blocking buffer) were added and allowed to incubate for 1 hour at room temperature. Primary antibody was removed, wells washed and secondary Alexa Fluor 488 or 568 (Molecular Probes; 1:500 in blocking buffer) were added and incubated for 1 hour at room temperature. Cells were then washed and incubated with the second target antibody (Plk1, Numb, or g-tubulin) as earlier, then their respective secondary to evaluate all possible combinations. 4 0 ,6-Diamidino-2-phenylindole, dihydrochloride (DAPI; Pierce; 1 mg/mL) counterstain was used for nuclear staining. Cells were mounted with ProLong anti-fade kit as per vendor's protocol (Molecular Probes) and examined under Nikon Eclipse Ti inverted microscope (Nikon Instruments, Inc.) with a Nikon Plan Fluor 60Â DIC H/N2 Oil lens and an additional magnification of Â1.5. Images were acquired using a Photometrics CoolSNAP HQ2 monochrome camera and NIS Elements AR 3.1 software. To visualize Plk1 mislocalization in shNumb-treated samples, the Plk1 channel (either Red or Green) was increased by 50%. For mitotic error quantitation, at least 100 metaphase cells were scored for proper Plk1 localization to the spindle poles and metaphase plate. Cells were only scored as mislocalized when a Plk1 positive signal at least as strong as that seen at the spindle poles or mid-body was seen away from these structures.
Statistics
All results are expressed as the mean AE SD. Statistical analyses were conducted by 2-tailed Student t test. For all analyses, P < 0.01 was considered statistically significant.
Results and Discussion
Numb inhibition causes mitotic arrest and reduction in cell growth in melanoma cells
The role for Numb in asymmetric cell division is well studied (12-14, 23, 24, 28) . However, Numb has displayed a gamut of Figure 1 . Numb inhibition causes mitotic phenotype similar to Plk1 inhibition. A, Numb knockdown cell morphology resembles that of Plk1 inhibition. A375 cells were transfected using nonsense (NS), Plk1, or Numb-targeting shRNA and imaged under bright field conditions. Scale bar, 100 mm. B, inhibition of Numb results in a G2-M cell-cycle arrest. A375 and HS294T melanoma cells and the diploid fibroblast cells, TiG, were treated with nonsense (NS), Plk1, or Numb-targeting shRNA. Cells were collected and analyzed for cell-cycle profile using fluorescenceactivated cell-sorting analysis. Data represent mean AE SD of 3 separate experiments with similar results ( Ã , P < 0.01). Asterisk ( Ã ) indicates significant change in G 2 -M population in shPlk-and shNumb-treated cells versus shNS. C, inhibition of Numb results in a reduced cell growth. A375 and HS294T melanoma cells and the diploid fibroblast cells, TiG, were treated with nonsense (NS), Plk1, or Numb-targeting shRNA. Cells were collected and analyzed via trypan blue exclusion analysis. Data represents mean AE SD of 3 separate experiments with similar results ( Ã , P < 0.01). Asterisk ( Ã ) represents significant decrease in growth in shPlk1-and shNumb-treated cells versus shNS.
tumor suppressor roles in differentiated tissues and its role in symmetric mitosis has not been explored. We first evaluated the consequence of short hairpin RNA (shRNA)-mediated knockdown of Numb in A375 human melanoma cells and found an accumulation of rounded up, mitotic cells similar to that seen upon Plk1 inhibition (Fig. 1A) . Therefore, we next determined the consequence of Numb inhibition on cell-cycle profile and cell growth in multiple cell types viz. A375 and HS294T melanoma cells and diploid lung fibroblasts TiG. As shown in Fig. 1 , similar to Plk1 inhibition, Numb inhibition resulted in an accumulation of cells in G 2 -M phase (Fig. 1B) as well as a reduction of cell growth in all the cell lines tested (Fig.  1C) . This reduction in cell growth was also confirmed using colony formation assay as shown in Supplementary Fig. S1 .
Numb is mitotically regulated
The similar cell-cycle distributions seen after Plk1 and Numb knockdown would suggest a possible cell-cycle-dependent regulation of Numb as well. To explore this possibility, we evaluated the expression of Numb during mitosis using thymidine arrest and release. We found that Numb protein expression rises and falls almost parallel to Plk1 expression pattern during mitotic entry and exit in A375 cells ( Fig. 2A) as well as in HS294T cells and TiG fibroblasts ( Supplementary  Fig. S2 ). These data further support a potential role for Numb in symmetric mitosis. However, given other established roles of Numb (21, 29) , it is not expected to be solely a mitotic protein. This is supported by the expression profile of Numb protein during thymidine block and release showing that Numb is indeed expressed throughout the cell cycle, albeit at fluctuating rates and peaking with Plk1 expression and decreasing at mitotic exit.
Numb and Plk1 colocalize during mitosis in human melanoma cells
One of the most striking aspects of Plk1 is its dynamic localization during mitosis. To evaluate if there is a specific location and role for the interaction between Numb and Plk1 during mitosis, we conducted immunofluorescence studies to assess the localization of 2 proteins at various stages of mitosis in A375 cells. Interestingly, we found a defined colocalization of Numb and Plk1 at the spindle poles during mitosis (Fig. 2B) . To determine what role Numb may have during its peak at mitosis, the asynchronous A375 cells at various stages of mitosis were evaluated using immunofluorescence analysis. Cells were fixed and stained for Plk1 (red), Numb (green), and DNA (blue). Arrows indicate the colocalization at the spindle poles during prophase and metaphase. Scale bar, 10 mm. After treatment with CHX (0, 2, 4, and 6 hours), lysates were collected and analyzed by immunoblot analysis for Plk1 and Numb. Equal loading was confirmed by reprobing the blots for b-actin. The protein levels were quantitated by a densitometric analysis of protein bands. The data (relative density normalized to b-actin) are expressed as mean AE SD of 3 experiments on a log10 scale. C, Numb stabilizes Plk1 protein by blocking proteasomal degradation. A375 cells were treated with nonsense (NS) or Numb-targeting shRNA in the presence or absence of 10 mmol/L MG132 to block proteasome-mediated degradation for 8 hours. After treatment, lysates were collected and analyzed by immunoblot analysis for Plk1, Numb, and b-actin as a loading control. D, proteasome inhibition normalizes the cell-cycle abnormalities of Numb knockdown. After treatments described in Fig. 2C , cells were collected and analyzed for cell-cycle profile using fluorescence-activated cell-sorting analysis. Data represent mean AE SD of 3 separate experiments with similar results ( Ã , P < 0.01 relative to shNS within respective vehicle or MG132 treatment; !, P < 0.01 relative to shNumb of vehicle-treated cells). E, endogenous Plk1 and Numb coimmunoprecipitate in vivo. Cell lysates were prepared from actively dividing A375 cells, and immunoprecipitations were conducted with Plk1, Numb, or their respective IgG control antibodies. The immunoprecipitates were separated by SDS-PAGE with a 10% aliquot of untreated lysate and probed for the converse target using immunoblot analysis. À, addition of animal-specific IgG inclusion as control; þ, antibody included in immunoprecipitation (IP). Results shown here are from same membrane; the line denotes the removal of extraneous lanes. F, Plk1 and Numb directly interact in vitro. To confirm whether the interaction between Plk1 and Numb is a direct interaction or requires a third priming kinase or mediator, we in vitro translated and transcribed Flag-Numb plus [ 35 S]-methionine using Promega's T N T system. The T N T product was mixed with His-Tagged recombinant Plk1 and purified using Ni-Magne-His purification system. Purified lysates were separated using SDS-PAGE along with 5% of the T N T reactions, dried, and analyzed by autoradiography.
During interphase, Numb was diffusely localized throughout the cytoplasm and associated with the cell membrane, which is consistent with its known role in endocytosis. Plk1, as expected, was barely detectable during interphase. As cells enter prophase, Plk1 began to localize to the kinetochores and spindle poles and Numb showed an increasing localization overlapping Plk1 at the spindle poles. During metaphase, Plk1 localization was maintained at the spindle poles and a pronounced increase in Numb localization was seen. Interestingly, whereas Plk1 localizes along the metaphase plate to fulfill its role in the spindle assembly checkpoint and chromosome segregation, Numb localization did not overlap DNA to any detectable level, suggesting that the regulation of Plk1 by Numb is restricted to Plk1 0 s role at the spindle poles. Furthermore, as chromosome segregation occurred in anaphase, Plk1 expression was maintained at the mid-body but the punctate signal at the spindle poles was lost with a diffuse expression maintained in each sister cell. Numb localization was similar, with localization extending into the cytoplasm surrounding the mid-body and a diffuse expression remaining in each sister cell. Finally, during cytokinesis both Plk1 and Numb signals were detected at the mid-body. The localization of Numb to the spindle poles seems to be conserved in mouse oocyte meiosis (30) , and based on our data, we believe this localization is conserved across both mitotic and meiotic cell division.
Numb regulates Plk1 protein
The cell-cycle distribution after Numb inhibition closely resembled to that seen upon Plk1 inhibition (Fig. 1B) . Therefore, we evaluated the effects of Numb inhibition on Plk1 protein expression (Fig. 3A) . Because Numb inhibition caused a G 2 -M phase cell-cycle arrest, we expected an increase in Plk1 protein levels similar to that seen with a G 2 -M enriched cell population ( Fig. 2A, 10 hours after thymidine release). Surprisingly, we found that Numb knockdown resulted in a significant reduction in Plk1 protein expression in A375 and HS294T cells (Fig. 3A) . To determine if this effect was because of changes in Plk1 protein stability, we treated cells with cycloheximide after Numb knockdown and found that loss of Numb significantly reduced Plk1 protein half-life in A375 cells (Fig. 3B) as well as HS294T cells (Supplementary Fig. S3 ). The observed downregulation of Plk1 is possibly the factor contributing to the cell-cycle arrest because Plk1 inhibition has been shown to cause a G 2 -M phase arrest and apoptosis in multiple cell lines (8) (9) (10) (11) 31) . To confirm that the reduction in Plk1 protein half-life is not an indirect consequence of Numb's other nonasymmetric roles (such as Notch and Hedgehog endocytosis and p53 stabilization; refs. [15] [16] [17] [18] [19] [20] , we assessed the transcriptional activity of these 3 pathways after Numb knockdown and did not find any appreciable change in their respective promoter activities (Supplementary Fig. S4 ). Plk1 protein is regulated by ubiquitin-dependent degradation. To evaluate if Numb is stabilizing Plk1 levels through blocking Plk1 degradation, we knocked down Numb in the presence and absence of the proteasomal inhibitor MG132. Figure 3C shows that the addition of MG132 results in Plk1 protein levels similar to that seen in shNS controls. In addition, the normalization of Plk1 levels with MG132 addition slightly, though significantly, reverses the effects of the cell-cycle profile to that seen in control (Fig. 3D) . Next, using immunoprecipitation studies, we assessed if Numb and Plk1 were interacting with each other. Our data showed that endogenous Numb and Plk1 reciprocally co-immunoprecipitate, whereas matched IgG control immunoprecipitations are negative (Fig. 3E) . In addition, in vitro translated Numb was found to be coimmunoprecipitated with His-tagged recombinant Plk1 (Fig. 3F) . These data suggested that Numb directly binds to and is required for Plk1 stabilization.
Numb regulates Plk1 localization during metaphase
With colocalization of Numb and Plk1 to 2 vital Plk1 locales during mitosis, we wanted to evaluate the mitotic changes that occur after the loss of Numb. We determined the effect of Numb knockdown on Plk1 localization at various stages of mitosis. Immunofluorescent staining of Plk1 after Numb knockdown showed reduced levels of Plk1 intensity, as expected (Fig. 4A) . There was no change in the number of monopolar prophase cells, suggesting that Numb is not required for centrosome duplication and separation (data not shown). However, evaluation of the remaining detectable Plk1 shows a striking increase in mislocalized Plk1 during metaphase upon Numb knockdown (see Fig. 4B , Plk1 intensity enhanced to visualize mislocalization). The staining resembles a phenotype consistent with a multipolar cell. To test if this mislocalized Plk1 was a consequence of staining, a multipolar phenotype or is truly mislocalized Plk1, we conducted immunofluorescence staining of A375 and TiG cells for both Plk1 and g-tubulin after Numb inhibition ( Fig. 4B; Supplementary Fig.  S5 ; Plk1 intensity enhanced to visualize mislocalization). We did not find a change in the number of mono-, bi-, or multipolar cells. However, a significant increase in the number of mitotic cells showing diffuse and disorganized centrosomal g-tubulin recruitment was observed ( Fig. 4B; Supplementary Fig. S5 ). We also evaluated changes in microtubule structure by staining for a-tubulin after Numb knockdown (Fig. 5) . Interestingly we found that microtubule formation and orientation does not seem to be affected by the mislocalized Plk1, as bipolar and kinetochore orientation and attachment seem to be present. However, treatment with shNumb lentivirus results in reduced aster microtubule formation. These results support the idea that g-tubulin recruitment to the centrosomes is reduced after Numb inhibition (Fig. 4B) as g-tubulin is required for proper mitotic aster formation (32) .
Evidence in Drosophila has shown that polo, a Plk1 homolog, regulates the localization of numb during asymmetric division of sensory progenitors (28, 31) . In that study, however, polo was shown to regulate the localization of Drosophila numb through the mediator partner of numb. Here we show that Numb expression is required for Plk1 stability and localization during symmetric cell division.
g-Tubulin recruitment is essential for proper centrosome maturation, mitotic aster formation, and microtubule nucleation (33) and Plk1 has been shown to play an important role in localization of g-tubulin to the spindle poles (6, 34) . Immature centrosome development can lead to dysregulated cell division and aneuploidy (35) . Our data show a previously unknown function for Numb through proper localization of Plk1 and g-tubulin during mitosis. Numb controls Plk1 through 2 mechanisms. First, Numb stabilizes Plk1 protein to ensure its presence during mitosis. Second, Numb binding to Plk1 is needed for proper localization to the centrosomes for sufficient g-tubulin recruitment needed for centrosome maturation.
After Numb knockdown, there is reduced Plk1 expression and mislocalization causing a reduction in g-tubulin recruitment to the centrosomes and improper mitotic aster formation. A potential consequence of this is the cell-cycle arrest observed in our study. However, progression of cells through mitosis with immature centrosomes enhances the risk for an aneuploid phenotype (35) . We propose that loss of Numb may contribute to tumorigenesis through dysregulation of Plk1 and g-tubulin recruitment leading to chromosome abnormalities and aneuploidy.
A tumor suppressor role for Numb has been suggested previously. Numb has been shown to form an intricate complex with the tumor suppressor p53 and the oncoprotein Mdm2 (15) (16) (17) . Although the complete mechanism has not been elucidated, it seems that Numb stabilizes p53 protein through blocking Mdm2 binding and ubiquitination of p53 (16) . In addition, Mdm2 is capable of targeting Numb for degradation, although the upstream signals for Numb to release p53 allowing Mdm2 targeted ubiquitination, and for Mdm2 ubiquitination of Numb itself, are still unclear (15, 17) . Also, Plk1 is a negative regulator of p53 upon DNA damage checkpoint exit, both directly through binding and phosphorylation (36) , and indirectly through Plk1 0 s regulation of Mdm2 and Topors, 2 regulators of p53 turnover (37) (38) (39) . Although important for tumorigenesis, and another possible convergence of Plk1 and Numb, the intricate dynamics between the DNA damage checkpoint transitioning into mitosis and the spindle assembly checkpoint are Figure 5 . Reduced g-tubulin recruitment results in loss of mitotic aster formation. To determine whether loss of Numb affects a-tubulin dynamics, A375 melanoma cells were treated with nonsense (NS) or Numb-targeting shRNA, fixed and stained for Plk1 (green), a-tubulin (red), or DNA (blue). Because Numb knockdown results in decreased Plk1 staining intensity, the green channel (Plk1) was increased by 50% to visualize mislocalized Plk1. Arrows indicate presence of aster microtubules and arrowheads highlight the lack of aster microtubules. Scale bar, 10 mm. To evaluate whether the mislocalized Plk1 after Numb knockdown is a result of a multipolar phenotype, A375 melanoma cells were treated with nonsense (NS) or Numb-targeting shRNA, fixed and stained for Plk1 (red), g-tubulin (green), or DNA (blue). Because Numb knockdown results in decreased Plk1 staining intensity, the red channel (Plk1) was increased by 50% to visualize mislocalized Plk1. At least 100 metaphase cells in 3 independent trials (nonmonopolar) were counted and scored as possessing proper Plk1 localization (aligned at the centrosomes with g-tubulin) or mislocalized Plk1 (increased punctate signal off the centrosome or metaphase plate). Data represent the mean AE SD of 3 independent trials ( Ã , P < 0.01). Arrows indicate normal Plk1 and g-tubulin overlap in first row and mislocalized Plk1 away from the centrosome and/or off the metaphase plate in the second row. Scale bar, 10 mm.
beyond the scope of our study. However, it raises some important questions with regard to the possibility of premature exit from the DNA damage checkpoint into mitosis further reducing cellular integrity. It may be important to determine p53 expression and activity after knockdown of both Numb and Plk1. Thus, if Numb stabilizes p53, and Plk1 counters this via increasing p53 turnover, it will be interesting to determine the consequence of loss of both Numb and Plk1. Does this reduce p53 functional fidelity? And if so, does it result in a premature entry into mitosis further abrogating the potential for aneuploidy? Numb also shows tumor suppressor roles through recruitment of the ubiquitin ligase Itch to target both Notch and Gli1 for degradation, 2 transcription factors shown to contribute to tumorigenesis (18) (19) (20) . However, this does not explain the mitotic phenotypes presented earlier and our data confirm p53, Notch, and Hedgehog transcriptional activity are unchanged in the presence of Numb knockdown ( Supplementary Fig. S4 ).
In this study, the shRNA reduces expression of all 4 isoforms of Numb. This is important because there is evidence in Drosophila that overexpression of the PRR S isoforms induces differentiation, conversely overexpression of the PRR L isoforms promotes proliferation (40) . These findings are confirmed by the same group overexpressing the different isoforms in mammalian cortical cultures (41) . However, conflicting evidence shows no difference in differentiation and proliferation when the isoforms are expressed during mammalian embryogenesis (13) . Therefore, more research needs to be done to determine if the mitotic phenotype showed here is because of the loss of one or all Numb isoforms.
A study by Bric and colleagues screened for and found 10 candidate tumor suppressor genes that contributed to increased lymphomagenesis using a high throughput in vivo shRNA approach (42) . In this study, Numb was found to be one of the potential tumor suppressors contributing to increased tumorigenesis. Indeed, the mechanism by which loss of Numb contributes to increased tumor development was not evaluated in this study and its regulation of p53 cannot be excluded. However, based on our findings, we believe that the loss of Numb's regulation on Plk1 stabilization and localization during cell division may be one mechanism, in addition to its role in p53 stability, contributing to tumor development by retarding the maturation process of the spindle poles necessary for proper cell division.
